3 ′ untranslated regions (3 ′ UTRs) of messenger RNAs (mRNAs) are best known to regulate mRNA-based processes, such as mRNA localization, mRNA stability, and translation. In addition, 3 ′ UTRs can establish 3 ′ UTR-mediated protein-protein interactions (PPIs), and thus can transmit genetic information encoded in 3 ′ UTRs to proteins. This function has been shown to regulate diverse protein features, including protein complex formation or posttranslational modifications, but is also expected to alter protein conformations. Therefore, 3 ′ UTR-mediated information transfer can regulate protein features that are not encoded in the amino acid sequence. This review summarizes both 3 ′ UTR functions-the regulation of mRNA and protein-based processes-and highlights how each 3 ′ UTR function was discovered with a focus on experimental approaches used and the concepts that were learned. This review also discusses novel approaches to study 3 ′ UTR functions in the future by taking advantage of recent advances in technology.
INTRODUCTION
Genetic information is stored in DNA and transmitted via messenger RNA (mRNA) to proteins (Crick 1958) . For many years, it was thought that the information transfer from DNA to proteins happens exclusively through translation of the coding region of mRNAs into amino acids of proteins. Although it was well known that mRNAs also contain untranslated regions (UTRs) at their 5 ′ and 3 ′ ends, the prevailing view was that these regions largely regulate mRNA localization or protein abundance, either through the regulation of translation or stability of mRNAs.
With such a protein-centric view, it was surprising to find that the number of protein-coding genes was similar in the human genome and the genomes of more simple eukaryotic organisms (Lander et al. 2001; Mayr 2017) . Also, protein size is largely similar across organisms (Milo and Phillips 2016) . This points to a remarkable conservation of protein sequence and reveals the tremendous constraints that act on proteins. However, it also begs the question of what enables biological complexity of higher organisms. In this context, it is interesting to note that the sequence space occupied by 3 ′ UTRs has substantially expanded during the evolution of higher organisms and correlates with cellular complexity of organisms Mayr 2016) . Importantly, there are 3 ′ UTR regions ranging from a few to a few hundred nucleotides (nt) that are often highly conserved (Siepel et al. 2005; Xie et al. 2005) . The expansion of 3 ′ UTR sequence during evolution, together with the recent finding that genetic information stored in 3 ′ UTRs can also be transmitted to proteins via the formation of 3 ′ UTRmediated protein-protein interactions (PPIs) (Berkovits and Mayr 2015) , suggests that 3 ′ UTRs may play important roles in the regulation of biological complexity. If this is so, why are 3 ′ UTRs not at the center of everyone's attention?
One contributing factor is the scarcity of suitable and robust methods for the study of 3 ′ UTR functions as the availability of experimental approaches is often crucial for progress and discoveries. Compared with research on transcription or translation regulation, or on microRNA (miRNA)-mediated posttranscriptional regulation, research on miRNA-independent functions of 3 ′ UTRs lags far behind. Most functions of 3 ′ UTRs are mediated by RNA-binding proteins (RBPs). But, in contrast to miRNA target sites, the binding motifs for many RBPs are still not known (Baltz et al. 2012; Ray et al. 2013; Dominguez et al. 2018) . And even if they are known, clear functional effects often require the motifs to be present several times. As the motifs are often spread out over large distances, functional motifs can often not be identified using deletion mutants (Besse et al. 2009; Kristjansdottir et al. 2015; Ma and Mayr 2018) . Moreover, many RBPs bind to the same motif (Ray et al. 2013; Dominguez et al. 2018) , and it is usually unknown whether they compete or cooperate (Hennig and Sattler 2015) . Finally, more than half of human genes use alternative cleavage and polyadenylation to generate mRNA isoforms that differ only in their 3 ′ UTRs (Lianoglou et al. 2013 ). This makes research on 3 ′ UTR isoformspecific functions challenging as the amino acid sequences of the proteins generated from the alternative 3 ′ UTR isoforms are identical.
This review summarizes how research on 3 ′ UTR functions has been approached in the last 25 years, what has been learned, and how it could be addressed in the future. Several topics relevant for 3 ′ UTR biology are being reviewed elsewhere in this collection, including regulation by miRNAs, RNA editing, RNA structure, the identification of RBPs, and RNA-protein interactions. Also, several "noncanonical" functions of 3 ′ UTRs were reviewed recently and are not included here (Mayr 2017) . Thus, this review is not comprehensive but tries to focus on experimental approaches and concepts to show how regulation by 3 ′ UTRs is accomplished.
2 3 ′ UTRs THAT CONTAIN AU-RICH ELEMENTS REGULATE mRNA STABILITY Nucleotide sequencing was developed in the 1970s and revealed the existence of untranslated sequence between the coding region and the polyadenylation signal. Having the DNA sequences from genes of different organisms in hand allowed the first comparative genomic analyses (Needleman and Wunsch 1970) . As the rate of base substitution reflects the degree of functional constraint, the evaluation of sequence divergence across distant organisms then allowed the evaluation of functionally import specific elements. Although these early comparative genomic analyses found a higher degree of base substitutions in untranslated regions than in coding regions, they also revealed a high degree of sequence homology in 3 ′ UTRs (Miyata et al. 1980) . Early on, one of the most intriguing findings was that 3 ′ UTR sequences of homologous genes coding for actin proteins are highly conserved across organisms, but the 3 ′ UTR sequences are highly divergent when similar actin isoforms with different functions or tissue distributions were compared (Yaffe et al. 1985) . The high conservation indicated that 3 ′ UTRs have important regulatory roles, and the divergence of the 3 ′ UTR sequence of isoforms, on the other hand, suggested that 3 ′ UTRs contain additional genetic information to distinguish the functions of highly similar proteins. The first indication that 3 ′ UTRs contain specific functional elements was found through investigation of the transforming ability of the c-fos gene (Miller et al. 1984) .
Whereas the viral fos (v-fos) gene was able to transform fibroblasts in culture, the cellular fos (c-fos) lacked this feature. Interestingly, the functional difference was not the result of a slightly different amino acid sequence of the two fos proteins. Instead, it was shown that c-fos could also transform fibroblasts when the 3 ′ UTR was omitted (Miller et al. 1984) . This finding motivated the search for the responsible 3 ′ UTR cis-element and led to the discovery of AU-rich elements which were found to destabilize mRNAs (Meijlink et al. 1985) . The proof for this function was obtained through transfer of the cis-element to an otherwise stable, heterologous mRNA, the β-actin mRNA (Shaw and Kamen 1986) . At around the same time, it was noticed that AU-rich elements were predominantly found in 3 ′ UTRs of a certain class of genes that encodes shortlived factors, including cytokines, lymphokines, growth factors, and oncogenes (Caput et al. 1986 ). Intriguingly, the AU-rich elements were sometimes more conserved than the coding regions of these early response genes (Shaw and Kamen 1986) . The identification of the trans-acting factors that bind to AU-rich elements, however, took many years and is still ongoing (Ray et al. 2013; Dominguez et al. 2018 ). Also, the mechanism of AU-rich element-induced mRNA decay was elucidated much later, as will be described below.
′ UTRs REGULATE mRNA LOCALIZATION
At around the time of discovery of AU-rich elements, 3 ′ UTRs were also identified as important regulators of subcellular mRNA localization. Early studies on the regulation of mRNA localization were mostly performed in fly or frog oocytes. But mRNA localization is not only essential in germ cells and early development as it also occurs in other polarized cells, including fibroblasts, myoblasts, and neurons (Lawrence and Singer 1986; Melton 1987) . However, germ cells and the early stages of development are especially advantageous for RNA research as gene regulation in early animal development depends on maternally deposited mRNAs from oocytes before the onset of embryonic transcription. For example, the anterior body pattern of flies is specified predominantly by the protein product of the bicoid gene as mutants containing a disrupted gene lack the head and thorax (Macdonald and Struhl 1988) . Bicoid protein localizes mainly to the anterior pole of the fly embryo and generates a protein gradient. As bicoid is a transcription factor, it drives expression of a large number of downstream genes. Importantly, the gradient in the embryo depends on prior localization of bicoid mRNA to the anterior pole of oocytes. Subcellular localization of bicoid mRNA to the anterior poles of oocytes and early embryos was revealed by RNA in situ hybridization. To identify the responsible cis-element, deletion constructs were tested using transgen-ic flies. RNase protection assays from the anterior and posterior poles of early fly embryos revealed that a 630 nt fragment of the bicoid 3 ′ UTR was necessary and sufficient for the subcellular mRNA localization (Macdonald and Struhl 1988) .
3 ′ UTRs REGULATE TRANSLATION OF mRNAs
mRNA localization allows spatial as well as temporal regulation of protein production. In neurons, 3 ′ UTRs are wellknown to regulate local protein synthesis in dendrites and synapses (Miller et al. 2002; An et al. 2008; Martin and Ephrussi 2009 ). But, in addition to the spatial organization of protein production, 3 ′ UTRs are also important regulators of temporal protein production. The initial observation in the discovery that 3 ′ UTRs regulate translation was a discrepancy between oskar mRNA and protein expression in fly oocytes. oskar mRNA determines the posterior fly body pattern (Ephrussi et al. 1991; Kim-Ha et al. 1993) . Although oskar mRNA was present throughout oogenesis, oskar protein was only detectable after localization of oskar mRNA to the posterior pole (Kim-Ha et al. 1995 ). An ultraviolet (UV) cross-linking assay identified the RBP Bruno as the responsible factor for translation regulation. Binding of Bruno to oskar mRNA prevents premature translation of oskar protein and is necessary for oskar expression at the correct developmental stage as oskar mRNA is translated only after reaching the posterior pole of the oocytes (Kim-Ha et al. 1995) . The exact mechanism of translation repression of oskar mRNA by Bruno was elucidated much later (Chekulaeva et al. 2006) .
RBPs BIND TO 3 ′ UTR cis-ELEMENTS AND MEDIATE MULTIPLE AND OFTEN OPPOSING 3 ′ UTR FUNCTIONS
Initially, AU-rich elements were considered to be mRNA decay elements. Then, they were shown to also repress translation (Shaw and Kamen 1986; Kruys et al. 1989) . After that, it was found that AU-rich elements can also increase protein production (Lindstein et al. 1989; Kontoyiannis et al. 1999) . For example, in resting immune cells, AU-rich elements repress translation, but after lipopolysaccharide (LPS) stimulation of T cells, they were required for fast induction of protein expression (Lindstein et al. 1989; Kontoyiannis et al. 1999) . This led to the notion that not the cis-element itself, but rather the binding of specific trans-acting factors, determines the function of a particular 3 ′ UTR cis-element. This regulatory principle was nicely shown by deletion of the 62-nt-long, conserved AU-rich element of tumor necrosis factor (TNF)-α in the mouse (Kontoyiannis et al. 1999 ). Importantly, the remaining gene regulation of TNF-α expression was preserved because the endogenous promoter and polyadenylation signal were retained. Sole absence of the cis-regulatory AU-rich element resulted in inflammatory arthritis and inflammatory bowel disease with death of the mice at 5 to 12 weeks. In unstimulated conditions, AU-rich elements destabilize mRNAs. The AUrich element of TNF-α represses translation permanently in nonhematopoietic cells and transiently in hematopoietic cells. Importantly, their function is not only repressive, as after activation by LPS they initially increase mRNA stability and translation in hematopoietic cells, whereas in later stages, they become repressive. In summary, AU-rich elements were found to be important regulatory elements that enable fast and highly dynamic regulation of protein production with a sharp on and off switch (Kontoyiannis et al. 1999) .
There are currently more than 10 known RBPs that bind to AU-rich elements (Brennan and Steitz 2001; Chen et al. 2001; Barreau et al. 2005; Lebedeva et al. 2011) . The binding of tristetraprolin (TTP) or KHSRP leads to destabilization through recruitment of the exosome complex that degrades mRNAs (Chen et al. 2001; Lykke-Andersen and Wagner 2005) . In contrast, binding of HuR stabilizes AU-rich containing mRNAs, likely through its inability to recruit the exosome (Chen et al. 2001 ). These findings revealed an important regulatory concept for 3 ′ UTR functions: RBPs bind to 3 ′ UTR cis-elements and serve as adapters for the recruitment of effector proteins. The recruited effector proteins are responsible for the observed effects ( Fig. 1A) . The adapter function of RBPs is critical as effector proteins are unable to directly bind to AU-richcontaining mRNAs (Chen et al. 2001) .
3 ′ UTR elements can accomplish opposing effects in environments where different signaling pathways are active. This can be caused by altering the relative abundance or activity of RBPs that bind to the same cis-element. Thus, the function of a particular 3 ′ UTR cis-element is "context"dependent, as competition and cooperativity between RBPs will ultimately determine the functional outcome of a specific 3 ′ UTR (Mayr 2017) .
Similarly, a single RBP can accomplish diverse functions at different stages of development. In early development, translation is predominantly regulated through poly(A) tail length, which is determined by the RBP CPEB (cytoplasmic polyadenylation element [CPE]-binding protein) (Richter 2007) . CPEB bound to the CPE can regulate mRNA polyadenylation, deadenylation, and translation. CPEB achieves these functions through binding to several different factors. It simultaneously binds to the deadenylase poly(A)-specific ribonuclease (PARN) and to the poly(A)polymerase Gld2 (PAPD4). In oocytes, mRNAs that contain the CPE have short poly(A) tails resulting in translation inhibition as in these cells the activity of PARN is higher than the activity of PAPD4 (Kim and Richter 2006) . After oocyte fertilization, CPEB is phosphorylated, which leads to exclusion of PARN from the complex. This is followed by poly(A) tail lengthening, leading to translation initiation (Mendez et al. 2000) . In summary, during early development, temporal regulation of protein synthesis occurs via the 3 ′ UTR and is mediated by the RBP CPEB and its associated effector proteins. Therefore, to elucidate different mechanisms of action, the associated effector proteins of RBPs need to be identified and studied.
MORE THAN HALF OF HUMAN GENES GENERATE ALTERNATIVE 3 ′ UTRs
Transcription of DNA by RNA polymerase II produces primary transcripts that need to be processed to generate mature mRNAs. The steps of mRNA processing include addition of a 5 ′ cap, splicing of introns and cleavage/polyadenylation at the 3 ′ end (reviewed in Tian and Manley 2017) . Transcription does not stop at the 3 ′ ends of mRNAs as primary transcripts are extended beyond the polyadenylation signal by several thousand nucleotides (Core et al. 2008) . Some factors of the cleavage and polyadenylation machinery travel with RNA polymerase II and the encounter of a functional polyadenylation signal results in endonucleolytic cleavage, followed by the addition of a poly(A) tail (Chan et al. 2014; Schonemann et al. 2014 ). Thus, 3 ′end cleavage and polyadenylation determine 3 ′ UTR length as well as the cis-elements present within a 3 ′ UTR. Approximately 10 years after the discovery that 3 ′ UTRs regulate several aspects of gene expression, a literature survey revealed that many genes produce alternative mRNA isoforms that differ in their 3 ′ ends. At the time, 95 genes were known to generate alternative 3 ′ UTRs, whereas 31 genes were known that used intronic polyadenylation sites to change the carboxyl terminus of the protein as well as the 3 ′ UTR (Edwalds- Gilbert et al. 1997) . At around the same time, new technologies that allowed for shotgun sequencing of complementary DNA (cDNA) libraries enabled the creation of expressed sequence tag (EST) databases. The mining of these databases revealed that a sizable fraction of the human and mouse transcriptomes use alternative polyadenylation signals to generate mRNAs with alternative 3 ′ UTRs (Gautheret et al. 1998 ). The development of deep sequencing technology enabled the establishment of methods that were able to map all the 3 ′ ends of mRNAs transcriptome-wide (Derti et al. 2012; Hoque et al. 2013; Lianoglou et al. 2013; Gruber et al. 2016) . These 3 ′ -end sequencing methods revealed that more than half of human and mouse genes generate alternative mRNA isoforms that differ in their 3 ′ UTRs but encode proteins with identical amino acid sequences.
ALTERNATIVE 3 ′ UTR ISOFORM RATIOS ARE CELL TYPE-SPECIFIC AND CHANGE ON ACTIVATION OF SIGNALING PATHWAYS
3 ′ -end sequencing methods provide information on 3 ′ UTR length and measure alternative 3 ′ UTR isoform levels quantitatively. 3 ′ -end sequencing of samples from diverse tissues revealed that the location of functional polyadenylation sites does not vary across cell types, but the expression ratios of alternative 3 ′ UTR isoforms are highly tissue-and cell type-specific (Lianoglou et al. 2013 Gruber et al. 2016; Wang et al. 2017; Singh et al. 2018) . Compared with RNA-seq data that exist for a large variety of samples, the availability of 3 ′ -end sequencing data is still limited. Therefore, it would be very helpful if the expression of alternative 3 ′ UTRs could be extracted from RNA-seq data. Although this has been tried by several research groups (Masamha et al. 2014; Chang et al. 2015; Shenker et al. 2015; Grassi et al. 2016) , the data obtained need to be used with caution as RNA-seq read coverage over 3 ′ UTRs is highly variable. If strict criteria are used to identify differences in 3 ′ UTR isoform expression, only a small number of changes (10%-15%) that are identified by 3 ′ -end sequencing methods will be found by RNA-seq. On the other hand, less stringent analyses contain many artifacts, shown by the fact that there is little overlap in the locations of 3 ′ -ends inferred from the different methods. Also, the direction of change (shortening or lengthening of 3 ′ UTRs) agreed only in 15% of the events considered to be significant by each method. Therefore, currently, 3 ′ -end sequencing is the preferred method to determine alternative 3 ′ UTR expression.
In addition to being cell type-specific, alternative 3 ′ UTR isoform expression responds to receptor stimulation and subsequent activation of signaling pathways as was shown during immune cell stimulation or synaptic activation. A change in 3 ′ UTR isoform ratio can be achieved through exposure of the cells to extracellular stimuli and can be mimicked experimentally by the addition of growth factors, cytokines, or neurotransmitters (Flavell et al. 2008; Sandberg et al. 2008; Rhinn et al. 2012; Gruber et al. 2014; Jia et al. 2017) . Expression ratios of alternative 3 ′ UTRs also change during normal development and differentiation (Lackford et al. 2014; Brumbaugh et al. 2018; Freimer et al. 2018) as well as in disease (Mayr and Bartel 2009; Rhinn et al. 2012; Batra et al. 2014; Masamha et al. 2014) . A dramatic change in 3 ′ UTR length was recently found during mouse oocyte maturation from the germinal vesicle stage to metaphase II, which takes 9 hours and results in substantial lengthening of 3 ′ UTRs (Freimer et al. 2018) . For ∼20% of genes, the functional consequence of changes in alternative 3 ′ UTR isoform expression is a difference in protein levels, as the availability of binding sites of miRNAs and RBPs is altered (Gupta et al. 2014; Nam et al. 2014; Brumbaugh et al. 2018) .
3 ′ UTRs REGULATE PROTEIN-PROTEIN INTERACTIONS
Alternative 3 ′ UTRs are widespread and the 3 ′ UTR sequences have expanded during the evolution of higher organisms (Mayr 2017) . Therefore, we wondered whether 3 ′ UTRs might be able to regulate cellular processes beyond protein abundance. In this context, we discovered that some PPIs are established only when one of the interaction partners is recruited by the 3 ′ UTR (Fig. 1B ) (Berkovits and Mayr 2015) . This was first shown for the PPI between SET and CD47 and was then expanded to additional plasma membrane proteins in human cells and yeast (Berkovits and Mayr 2015; Chartron et al. 2016; Ma and Mayr 2018) . CD47 membrane protein is generated from alternative mRNA isoforms either containing a short or long 3 ′ UTR (SU or LU) (Lianoglou et al. 2013) . The encoded proteins have identical amino acid sequences and are called CD47-SU and CD47-LU, respectively (Berkovits and Mayr 2015) . It was found that only CD47-LU was able to interact with the protein SET in a 3 ′ UTR-dependent manner. As a result, CD47-SU and CD47-LU reside in different protein complexes, and thus, can have different functions. SET binding to CD47-LU protein resulted in more efficient plasma membrane localization, protected cells better from phagocytosis by macrophages, activated RAC1, enabled formation of lamellipodia, and improved cell survival after exposure to γ-irradiation (Berkovits and Mayr 2015) . This list of functions is likely not exhaustive as RAC1 activation has multiple downstream consequences, including the activation of signaling pathways and increased cell migration.
The fact that 3 ′ UTRs are able to regulate protein complex formation and determine protein functions indicated that genetic information encoded in 3 ′ UTRs can be transmitted to proteins. This information transfer can regulate protein features not encoded in the amino acid sequence. As the sequence space contained within 3 ′ UTRs has expanded during the evolution of higher organisms, 3 ′ UTRs may contribute to the higher organismal complexity by providing additional information regarding proteins, including information about PPIs, posttranslational modifications, protein conformations, and protein multifunctionality ( Fig. 1B,C) . Thus, information about protein features can be genetically encoded in the untranslated mRNA sequence. It has not been shown yet that 3 ′ UTRs can regulate protein conformations but this is likely to occur as binding of the 3 ′ UTR-dependent interaction partner to the amino terminus of the nascent peptide chain could change the folding of the nascent protein.
Following the discovery of this new 3 ′ UTR function, it remained unclear how widespread this function is. It seems that 3 ′ UTR-mediated PPIs are common as they also occur on cytosolic and nuclear proteins (Halbach et al. 2009; Duncan and Mata 2011; Lee and Mayr 2017) . This was shown in detail for the 3 ′ UTR-mediated interaction between IQGAP1 and the E3 ubiquitin ligase BIRC3, also called cIAP2 (Lee and Mayr 2017) . BIRC3 protein is generated by alternative 3 ′ UTRs. Again, BIRC3 protein that was generated from the long 3 ′ UTR isoform was called BIRC3-LU, whereas BIRC3 protein encoded by the short 3 ′ UTR isoform was called BIRC3-SU. The long BIRC3 3 ′ UTR facilitated the assembly of a protein complex consisting of BIRC3-LU, the kinase scaffold IQGAP1, and the Ras-GTPase RALA. Importantly, this signaling complex could not be formed by BIRC3-SU. The 3 ′ UTR-dependent signaling complex associates with the G-protein-coupled receptor CXCR4 and influences plasma membrane expression of CXCR4 through the regulation of receptor recycling after ligand binding (Lee and Mayr 2017) . The 3 ′ UTR-dependent recruitment of the signaling complex to CXCR4 also had biological consequences, as it was shown to be necessary for CXCR4-mediated B-cell migration. Importantly, despite similar overall BIRC3 mRNA levels observed in normal and malignant B cells, BIRC3-LU is up-regulated relative to BIRC3-SU in malignant B cells. This up-regulation is predicted to promote leukemia cell survival in vivo, as CXCR4-dependent B-cell migration was shown to allow the leukemia cells to home to bone marrow niches, which provide survival and proliferation signals (Lee and Mayr 2017) .
Last, the 3 ′ UTR-mediated protein complex formation involving the E3 ubiquitin ligase BIRC3-LU has additional molecular consequences as it controls substrate specificity of the enzyme. Posttranslational modification of RALA was accomplished only by BIRC3-LU and not by BIRC3-SU, as substrate modification required prior protein interaction (Lee and Mayr 2017) .
MECHANISM OF TRANSFER OF EFFECTOR PROTEINS FROM 3 ′ UTRs TO PROTEINS
How genetic information concerning protein features that go beyond the amino acid sequence is transmitted from mRNAs to proteins is still largely unclear. But the requirements for establishment of the 3 ′ UTR-mediated interaction between CD47-LU and SET proteins were recently identified (Ma and Mayr 2018) . It was found that two RBPs that bind to AU-rich elements, HuR and TIS11B, are required for this process. HuR's function is to recruit SET, whereas TIS11B creates a permissive environment that enables the 3 ′ UTR-mediated binding of SET to CD47 and other membrane proteins (Berkovits and Mayr 2015; Ma and Mayr 2018) . TIS11B forms RNA granules that enrich membrane protein-encoding mRNAs containing AU-rich elements. TIS11B granules form a reticular meshwork that is intertwined with the endoplasmic reticulum. The functional interplay between TIS11B granules and the endoplasmic reticulum creates a subcellular compartment with a biophysically and biochemically environment distinct from that of the cytoplasm. Only within this special com-partment are specific PPIs formed that cannot be established outside. This compartment enables 3 ′ UTR-mediated interaction of SET with CD47-LU, and also other membrane proteins (Ma and Mayr 2018) . Moreover, these findings show that AU-rich elements have roles other than the control of protein abundance, as they regulate the formation of functionally relevant 3 ′ UTR-mediated PPIs.
10 3 ′ UTR cis-ELEMENTS ARE USUALLY REPEATED AND OFTEN ACT SYNERGISTICALLY There are several common features characteristic of 3 ′ UTR cis-elements. Generally, a motif needs only 3-8 nt to bind an RBP (Lambert et al. 2014) . Such short motifs often occur multiple times in a given mRNA and can act in a synergistic or even cooperative manner (Kruys et al. 1989; Chao et al. 2010; Hennig et al. 2014; Hennig and Sattler 2015) . The characteristics of individual 3 ′ UTR cis-elements are detailed in previous reviews (see Johnstone and Lasko 2001; Jambhekar and Derisi 2007) . However, mRNA localization signals tend to be much longer (50-500 nt), often contain stem-loops, and have no recognizable or recurrent motifs (Johnstone and Lasko 2001; Jambhekar and Derisi 2007 ). An exception to this rule is the zip-code element in the β-actin 3 ′ UTR, which initially was thought to be 54 nt long and is recognized by the RBP IGF2BP1, also called ZBP1 (Kislauskis et al. 1994 ). However, the motif was narrowed down to a bipartite element that required a spacer of defined length with each element recognized by the KH3 or KH4 domains of IGF2BP1 (Chao et al. 2010) . Narrowing down the sequence to a motif was important as it enabled genome-wide screening for additional motif-containing 3 ′ UTRs (Patel et al. 2012) .
The identification of cis-elements is important as it is required for the identification of RBPs that bind and mediate specific 3 ′ UTR functions. Traditionally, cis-elements were determined using deletion constructs (Macdonald and Struhl 1988; Kim-Ha et al. 1993; Kislauskis et al. 1994; Kim-Ha et al. 1995) . However, often, the phenotypic effect of the entire 3 ′ UTR cannot be recapitulated using isolated parts of the 3 ′ UTR. This was shown for the translation regulation element of oskar mRNA and for the repressive element in the Hmga2 3 ′ UTR (Mayr et al. 2007; Besse et al. 2009; Kristjansdottir et al. 2015) . To identify the element in the 2800-nt-long Hmga2 3 ′ UTR, which is able to fully recapitulate the repressive effect on protein production, a large set of 3 ′ UTR fragments was tested, but none conferred full activity. In the end, it was found that the cooperative action of three 3 ′ UTR subregions was necessary for the full repressive function (Kristjansdottir et al. 2015) .
Another example is the 4200-nt long CD47 3 ′ UTR in which the cis-elements responsible for SET binding are distributed across the whole 3 ′ UTR and none of the tested fragments contained the full activity (Ma and Mayr 2018) . To find the cis-element that fully recapitulates the desired phenotype, instead of using deletion mutants, 50-200-ntlong, diverse and unrelated 3 ′ UTR elements were screened. This new strategy identified the conserved AU-rich element from TNF-α as being fully able to recapitulate the effects of the full-length CD47 3 ′ UTR with respect to SET binding. Interestingly, comparable SET binding was accomplished whether 19 AUUUA motifs were spread out over the entire CD47 3 ′ UTR, or when six AU-rich elements were concatenated as occurs in the AU-rich element of TNF-α. This is similar to building arrays of transcription factor binding sites to study transcription factor functions. The identification of the short cis-element then enabled the discovery of the interacting RBPs using RNA-oligonucleotide pulldown followed by mass spectrometry (Ma and Mayr 2018) .
In addition to AU-rich elements, many other cis-regulatory motifs are known (Ray et al. 2013; Dominguez et al. 2018) , including those bound by IGF2BP1, Pumilio, PTB, and MBNL. However, AU-rich elements were the first cis-elements discovered and remain the most extensively studied.
PRIMARY CELLS SHOW MORE EXTENSIVE REGULATION OF 3 ′ UTR ISOFORM EXPRESSION THAN CELL LINES
3 ′ UTR isoform ratios are substantially influenced by signaling pathways. Therefore, it was not surprising that primary cells show significantly greater changes in 3 ′ UTR isoform expression, when primary cells or tissues were compared with cell lines. In addition to the number of changes, the magnitude of change is higher in primary cells (Fig. 2) (Lianoglou et al. 2013) . Alternative cleavage and polyadenylation can also occur in introns (Edwalds-Gilbert et al. 1997) , and the recognition of intronic polyadenylation signals occurs substantially more frequently in primary cells than in cell lines (Lee et al., in press; Singh et al. 2018) . Therefore, primary cells are beneficial for profiling alternative cleavage and polyadenylation. Because of the cell type-specific nature of 3 ′ UTR isoform expression, cell sorting into pure populations before profiling provides better quantification of cell type-specific 3 ′ UTR expression patterns than profiling complex tissues (Lianoglou et al. 2013 ). If sorting is not an option, cTag-PAPERCLIP was recently developed to measure 3 ′ UTR isoform expression of specific cell types in intact tissues. Based on co-IP of mRNA 3 ′ ends associated with green fluorescent protein (GFP)-tagged poly(A)-binding protein (PABP), the method requires mice that express tagged PABP in a tissue-specific manner (Hwang et al. 2017) .
Metabolic differences between cell lines and primary cells not only cause differences in 3 ′ UTR isoform profiles, but also alter the regulatory effects of miRNAs and AU-rich elements (Kontoyiannis et al. 1999; La Rocca et al. 2015) . For miRNAs to repress target mRNA expression, they need to be loaded into a megadalton-sized complex, called RISC (RNA-induced silencing complex). In cell lines and proliferating cells, most miRNAs reside in these large complexes. However, in primary cells, the majority of miRNAs are bound to Argonaute, a component of RISC, but are not part of the larger RISC complex (La Rocca et al. 2015) . Assembly of the larger RISC complexes is mediated by the activation of signal transduction pathways, including the PI3K pathway. Thus, in primary cells, miRNAs are able to repress their targets only after pathway activation (La Rocca et al. 2015) . This principle is likely to hold true for the function of RBPs, as signaling pathways may influence protein complex formation.
3 ′ UTR-MEDIATED REGULATION IN VIVO
The powerful influence of 3 ′ UTRs on gene expression in whole organisms has been best shown using mouse models. One of the first examples was the c-fos transgenic mouse (Ruther et al. 1987) . No mRNA expression was detectable when c-fos cDNA that contained its endogenous 3 ′ UTR and polyadenylation signal was expressed from a strong promoter. However, after replacement of the 3 ′ UTR with a retroviral long terminal repeat high mRNA expression was observed throughout tissues (Ruther et al. 1987) . Thus, the c-fos 3 ′ UTR is necessary for repression of c-fos protein production in vivo.
In many additional mouse models, this principle was adopted as genes were expressed from their endogenous promoters, but their 3 ′ UTRs and polyadenylation signals were replaced with strong polyadenylation signals. Although the influence of 3 ′ UTRs on phenotypes can be assessed in these mice, researchers need to be aware that the resulting phenotype results from deletion of 3 ′ UTR ciselements and overexpression of the protein through more efficient mRNA processing. The gene encoding the Camk2a protein kinase generates a short and long 3 ′ UTR isoform (Lianoglou et al. 2013) . Replacement of the two isoforms by a single strong polyadenylation signal prevented Camk2a mRNA localization to the dendrites of hippocampal neurons. This impairs long-term memory formation as dendritic mRNA localization and local protein production are necessary for memory consolidation (Miller et al. 2002) . The neurotrophic factor Bdnf is also encoded by an mRNA with a short or long 3 ′ UTR isoform. Bdnf is expressed in hippocampal neurons and exclusive disruption of the long 3 ′ UTR isoform results in impaired memory formation . Bdnf is also expressed in hypothalamic neurons and disruption of the long 3 ′ UTR isoform in these cells results in severe obesity and phenocopies a complete Bdnf knockout in neurons (Liao et al. 2012) .
The 3 ′ UTR functions of additional growth factors, neurotrophic factors, and enzymes were studied in mice and included TGFβ1, Gdnf, and aldosterone synthase (Kakoki et al. 2004; Andressoo et al. 2006; Kakoki et al. 2013 ). The phenotypes observed range from organ abnormalities, increased blood pressure, to embryonic lethality. These experiments revealed that usage of different 3 ′ UTRs can change specific protein levels by 100-fold, which enables the generation of mice with graded mRNA expression levels ranging from 10% to 900% of normal. This is particularly useful if the complete gene knockout is embryonic-lethal (Kakoki et al. 2013) .
NEW METHODS TO STUDY 3 ′ UTR FUNCTIONS

CRISPR Technology Facilitates New Approaches for Studying 3 ′ UTR Isoform-Specific Functions in Cell Lines and Organisms
From the 3 ′ UTR studies in mice, we learned that preserving regulation by the endogenous promoter and polyadenylation signal should be an experimental priority. Furthermore, whereas 3 ′ UTR isoform-specific functions have so far been studied mostly using tagged, 3 ′ UTR isoformspecific overexpression constructs (Sandberg et al. 2008; Mayr and Bartel 2009; Rhinn et al. 2012; Berkovits and Mayr 2015) , recent advances in CRISPR (clustered regularly interspaced short palindromic repeats) technology allow Maximum usage difference across samples Figure 2 . Primary cells show a higher number and a greater magnitude of cell type-specific changes in 3 ′ untranslated region (3 ′ UTR) isoform expression. 3 ′ -seq data are from Lianoglou et al. (2013) and were used to calculate the maximum difference in usage of alternative polyadenylation sites across seven tissues and seven cell lines. Usage is the fraction of reads mapping to a single polyadenylation site out of all the reads mapping to the 3 ′ UTR. Shown are the 50% of genes with most variable 3 ′ UTR isoform expression. Only genes that generated two 3 ′ UTR isoforms were included in the analysis. more sophisticated manipulations of 3 ′ UTR isoforms in cell lines and animal models at endogenous loci (Jinek et al. 2012; Diao et al. 2017 ).
In the following paragraphs and in Figure 3 , experimental approaches to study 3 ′ UTR functions using CRISPR technology are shown. If a gene generates alternative 3 ′ UTRs and the function of only the long 3 ′ UTR isoform is of interest, the strategy shown in Figure 3A is useful. In the experimental set-up, the following cell lines or mice are compared: (1) wild-type, (2) CRISPR-mediated disruption of the protein by adding a frame-shift in the coding region, (3) stable expression of a short hairpin RNA (shRNA) that targets the long 3 ′ UTR isoform, and (4) stable expression of a control shRNA. This approach was used to study the functions of CD47-LU and BIRC3-LU and is most suitable if the long 3 ′ UTR isoform is expressed at low levels, as its knockdown will not change overall protein levels much (Berkovits and Mayr 2015; Lee and Mayr 2017) .
However, if the long 3 ′ UTR isoform is expressed at substantial levels and overall protein expression levels Figure 3 . Experimental approaches using CRISPR (clustered regularly interspaced short palindromic repeats) technology at the endogenous locus to study 3 ′ untranslated region (3 ′ UTR) functions in vivo. (A) Approach that allows phenotypes obtained for exclusive loss of the LU-generated protein compared with the total protein knockout (KO). Loss of the LU isoform is accomplished through short hairpin RNA (shRNA)-mediated knockdown (KD). At the DNA level, the arrow depicts the transcription start site. pA, Polyadenylation site; FS, frame-shift mutation. In the 3 ′ UTR panel, the last exon of the messenger RNA (mRNA) isoform is shown with the short 3 ′ UTR depicted in light green and the long 3 ′ UTR shown in dark green. The generated proteins are shown in blue. SU, Protein generated from the short 3 ′ UTR isoform; LU, protein generated from the long 3 ′ UTR isoform. (B) Approach that allows phenotypes obtained from the total protein KO to be compared to with exclusive expression of the protein generated from either the short (SU) or long 3 ′ UTR (LU) isoform. Shown as in A. The red triangles represent paired guide RNAs to delete 3 ′ UTR fragments. (C) Approach that allows the comparison of phenotypes obtained from the total protein KO to those generated by exclusive loss of regulatory elements in the 3 ′ UTR of genes that generate mRNAs with constitutive 3 ′ UTRs. Shown as in B. The regulation of mRNA abundance through the endogenous polyadenylation signal is preserved.
need to be preserved, a modified strategy, shown in Figure  3B , can be used. The phenotypes produced from the (1) wild-type and (2) protein knockout are compared with cell lines or animals that express only the (3) short or (4) long 3 ′ UTR isoforms. To obtain cells that express only the short 3 ′ UTR isoform, a pair of guide RNAs is used to delete the sequence between the proximal and distal polyadenylation signals. This moves the distal polyadenylation signal close to the proximal polyadenylation signal and should preserve overall protein expression as mRNA processing remains intact. To obtain cells that express only the long 3 ′ UTR isoform, the proximal polyadenylation site can either be deleted (using a pair of guide RNAs) or disrupted by point mutations . As 3 ′ UTR deletions can also affect DNA-regulatory elements located at the 3 ′ end of genes (Sanjana et al. 2016) , it is useful to include in the experiment tagged cDNA constructs that contain the coding region and either the short or long 3 ′ UTR isoform. Expression of these constructs will enable the rescue of the observed phenotypes and ensure that the phenotypes indeed are caused by the 3 ′ UTRs and not by deletion of DNA-regulatory elements (Lee and Mayr 2017) .
To study the regulatory role of the 3 ′ UTR of a gene with a single 3 ′ UTR isoform, the wild-type and protein knockout can be compared with a cell line or animal with CRISPR-mediated deletion of the 3 ′ UTR (Fig. 3C ). In this case, a pair of guide RNAs is used to delete the 3 ′ UTR sequence between the stop codon and the polyadenylation signal. However, ∼100 nucleotides of sequence located upstream of the polyadenylation signal should be preserved to enable proper mRNA processing from the endogenous polyadenylation signal (Zhao et al. 2017) .
Instead of DNA manipulation, changes in mRNA processing through transfection of antisense morpholinos can also switch 3 ′ UTR isoform expression. This strategy has been used so far to alter inclusion or exclusion of alternative exons, including the splicing of terminal exons (Vorlova et al. 2011 ). However, similarly, alternative polyadenylation sites can be masked to shift alternative 3 ′ UTR isoform ratios (Marsollier et al. 2016 ).
3 ′ UTR Isoform-Specific Translation
Several novel approaches were recently developed to study translation, but none of them allows assessment of translation in a 3 ′ UTR isoform-specific manner (reviewed in Chekulaeva and Landthaler 2016; King and Gerber 2016) . Although it is now possible to monitor the translation of single endogenous mRNAs through simultaneous imaging of the mRNA and newly made protein, to do so requires disruption of the 3 ′ UTR by the addition of binding sites for either MS2 or PP7 coat protein (Chekulaeva and Landthaler 2016) .
The only currently available method that can inspect translation in a 3 ′ UTR isoform-specific manner uses ribo-tag or TRAP (translating ribosome affinity purification) (Doyle et al. 2008; Heiman et al. 2014; Kocabas et al. 2015) . Ribo-tag/TRAP adds a tag to a ribosomal protein of the large ribosomal subunit in a cell type-specific manner by using either bac transgenics or the Cre-lox system in mice (Doyle et al. 2008; Heiman et al. 2014; Hupe et al. 2014 ), but can be applied to worms, flies, plants, and yeast (King and Gerber 2016) . In addition to quantifying the transcriptome in a cell type-specific manner, the pulldown of ribosome-associated mRNAs also provides an approximation of the translatome without the necessity of purifying the cells. Ribo-tag/TRAP enables the identification of ribosome-associated transcripts in a 3 ′ UTR-specific manner if, in addition to RNA-seq, 3 ′ -end sequencing is performed.
Temporal Regulation of Translation of Alternative 3 ′ UTR Isoforms
Application of the ribo-tag technique during meiosis of mouse oocytes revealed that translation of alternative 3 ′ UTR isoforms is regulated temporally (Yang et al. 2017 ). This was shown in detail for Cyclin B1, which expresses three 3 ′ UTR isoforms. Combining RNA-seq of ribosome-associated mRNAs with luciferase reporter assays revealed that the short 3 ′ UTR isoform is constitutively translated in all phases of meiosis. In contrast, the longer 3 ′ UTR isoforms-which contain binding sites for CPEB1 -are translationally repressed in a CPEB1-dependent manner in dormant oocytes. However, during progression through meiosis and cell-cycle entry, these longer isoforms become polyadenylated, thus increasing loading into ribosomes, and leading to increased Cyclin B1 protein expression during oocyte maturation (Yang et al. 2017) .
Another beautiful example of temporal regulation of translation of alternative 3 ′ UTR isoforms in nongerm cells was revealed by studying the differentiation of R cells into presynaptic terminals in Drosophila melanogaster . This is a particularly good model system to study gene expression changes during differentiation as R cells differentiate in a synchronous fashion within 72 hours from growth cones to presynaptic terminals. Performing transcriptome and TRAP analysis during this time course revealed only modest changes in mRNA abundance, but a large number of alternative 3 ′ UTR isoforms changed their ribosome association in a temporal manner . Moreover, mRNAs encoding presynaptic proteins changed their 3 ′ UTR isoform expression twice as often as randomly selected genes. Thus, changes in alternative 3 ′ UTR isoform expression as well as dynamic ribosome association of alternative transcripts are major contributors to the regulation of synaptic differentiation .
A similar temporal regulation of translation of alternative 3 ′ UTR isoforms was observed in differentiated neurons during synaptic activation (Lau et al. 2010; Rhinn et al. 2012) . In resting neurons, the short 3 ′ UTR isoforms of Bdnf and α-synuclein (Snca) are translated to maintain basal levels of protein expression, whereas the long 3 ′ UTR isoforms are translationally repressed. In contrast, upon activation, either through neuronal activity or exposure to dopamine, only the long 3 ′ UTR isoforms become associated with polyribosomes and are actively translated. Thus, the alternative 3 ′ UTRs of Bdnf or Snca are translated differentially in resting and activated neurons (Lau et al. 2010; Rhinn et al. 2012) .
Identification of RNA-Binding Proteins
That Cooperate with Each Other
In the end, the functions of 3 ′ UTRs are determined by the bound RBPs and their associated effector proteins. Whereas cross-linking immunoprecipitation (CLIP) identifies all mRNAs bound by a single RBP, complementary approaches detect all RBPs that bind single 3 ′ UTRs (Chu et al. 2015; Matia-Gonzalez et al. 2017 ). However, the identification of functionally relevant RBP-binding sites is complicated as the motifs are often degenerate. Therefore, in vivo, strong and specific binding of an RBP is often achieved through oligomerization of the RBP, which enables binding to several sites simultaneously (Besse et al. 2009 ). Stronger binding and increased specificity can also be accomplished through cooperativity with another RBP (Hennig and Sattler 2015; Mayr 2017) . However, the identification of cooperating pairs of RBPs has been accomplished for only a few select cases (Leeper et al. 2010; Campbell et al. 2012; Hennig et al. 2014; Hennig and Sattler 2015; Lee and Mayr 2017; Ma and Mayr 2018) .
To approach this problem systematically, an experimental procedure based on CLIP was recently developed (Gregersen et al. 2014) . First, the binding sites for the RBP MOV10 were identified by PAR-CLIP. Next, cross-linked cells were mildly treated with RNase to produce RNA fragments of ∼400 nt. To identify proteins on the MOV10bound RNA fragments, the MOV10 IP was repeated and the enriched proteins were identified by mass spectrometry (Gregersen et al. 2014 ). This method found UPF1 to be the RBP mostly highly enriched on the MOV10-bound fragments and suggested synergistic action by the two RBPs.
Identification of Effector Proteins of RNA-Binding Proteins
It has been shown in many instances that RBPs can interact with diverse effector proteins. This suggests that RBPs have considerable multifunctionality that goes beyond the regulation of RNA metabolism. In some cases, the interaction partners of RBPs bind simultaneously, as shown for CPEB (Kim and Richter 2006) . In other cases, the RBP was found to be part of different protein subcomplexes, and each subcomplex accomplished a different function. Different subcomplexes were identified using co-IP of 3 ′ UTR-mediated protein complexes or through affinity purification of native complexes (Hildebrandt et al. 2017; Lee and Mayr 2017) .
One of the best-studied examples is HuR, which is known to regulate mRNA stability, alternative splicing, and alternative polyadenylation (Fan and Steitz 1998; Oktaba et al. 2015) . In addition to regulating mRNA-based processes, HuR is necessary for 3 ′ UTR-mediated PPIs, and thus is involved in regulating surface expression of several membrane proteins (Berkovits and Mayr 2015; Lee and Mayr 2017; Ma and Mayr 2018) . Last, UPF1, which is a well-known regulator of nonsense mediated decay, was discovered to also regulate protein decay of MYOD1, a master regulator of muscle differentiation .
These examples show that investigating the diverse functions of 3 ′ UTRs requires determination of the effector proteins of RBPs. One study identified RNA-dependent as well as RNA-independent protein-interaction partners of 12 RBPs, including hnRNPs, RBFOX2, and UPF1 (Brannan et al. 2016) . Through intersection with known RBPs, the majority of interaction partners (72%) were found to be proteins other than RBPs. However, as this was not the focus of the study, it is currently unclear how many of the identified factors were true interaction partners.
RBPs have rich interactomes (Baltz et al. 2012 ). This may be owing to the enrichment of disordered regions, which are known to promote PPIs. To lower the rate of false-positive protein-interaction partners of RBPs, the following strategy was used to identify the protein-interaction partners of E3 ubiquitin ligases that contain domains for RNA binding (Hildebrandt et al. 2017) . Stable isotope labeling with amino acids in cell culture (SILAC)-based mass spectrometry compared the interactomes of GFP and GFPtagged RBPs after co-IP. Importantly, the two experimental conditions were already pooled before cell lysis and co-IP, rather than after cell lysis, which is usually the case. As a result, transient interactors reach an equilibrium consisting of light and heavy labeled forms, which should result in SILAC ratios close to background ratios (Hildebrandt et al. 2017) . Moreover, performing replicate experiments allows identification of robust interaction partners (Brannan et al. 2016; Hildebrandt et al. 2017) . For a specific RNA-binding ubiquitin ligase, between 9 and 42 stable protein-interaction partners were identified. The majority (69%) bound in an RNA-independent manner and belong to diverse functional categories (Hildebrandt et al. 2017 ), suggesting additional regulatory roles of RBPs beyond mRNA-based regulation.
1. As 3 ′ UTRs can regulate protein features, readouts for testing 3 ′ UTR functions need to go beyond the regulation of protein abundance.
2. As 3 ′ UTRs can accomplish a wide range of functions through the regulation of protein complex formation, the protein-interaction partners of RBPs need to be identified. Approximately half of identified PPIs do not appear to play a role in RNA biology (Hildebrandt et al. 2017) . Therefore, the opportunity to study 3 ′ UTR functions goes beyond the regulation of protein abundance.
3. One of the greatest bottlenecks in the evaluation of 3 ′ UTR functions is the difficulty of reliably identifying responsible cis-elements, especially if the regulatory elements are distributed across the entire 3 ′ UTR. In cases in which 3 ′ UTR structure brings the scattered cis-elements together, a CRISPR deletion screen with highresolution tiling across the entire 3 ′ UTR may help to identify such elements, as disruption of structure may suffice to detect a phenotype. Such a screen was initially developed to assess functional protein domains, but was recently also applied to discover enhancers or functional miRNA-binding sites (Shi et al. 2015; Sanjana et al. 2016; Wu et al. 2017) .
4. As the majority of RBPs bind with low affinity to mostly degenerate motifs located in 3 ′ UTRs, methods need to be developed that allow identification of binding sites for pairs of RBPs. Identification of cobound sites will be important for network analyses and may help to disentangle opposing functions known to be accomplished by RBPs.
